Abstract. Climate change in Siberia is currently receiving a lot of attention as large permafrost-covered areas could provide a strong positive feedback to global warming through the release of carbon that has been sequestered there on glacial-interglacial time scales. Geological evidence and climate model experiments show that the Siberian region also played an exceptional role during glacial periods. The region that is currently known for its harsh cold climate did not experience major glaciations during the last ice age, including its severest stages around the Last Glacial Maximum (LGM). On the contrary, it is thought that 5 glacial summer temperatures were comparable to present-day.
. This is intriguing given the fact that the area presently extends as far north as~75
• N, and extended even further north during the LGM when a large part of the Siberian continental shelf was exposed because of sea-level lowering.
Reconstructing Quaternary ice sheet limits and assigning geological ages has proven a difficult task for the Siberian region for various reasons (e.g., Jakobsson et al., 2014) . Svendsen et al. (2004) synthesized all existing geological data and concluded that since the last interglacial period (~130-115 ka ago), most of Siberia has remained ice-free, with the exception of the 5 high-altitude Putorana Plateau and the coastal areas of the Kara Sea. Independent evidence from permafrost records (Boucsein et al., 2002; Schirrmeister, 2002; Hubberten et al., 2004; Wetterich et al., 2011) , marine sediment cores (Darby et al., 2006; Polyak et al., 2004 Polyak et al., , 2007 Polyak et al., , 2009 Adler et al., 2009; Backman et al., 2009 ) and dating of mollusc shells (Basilyan et al., 2010) also indicates that the entire region between the Taymyr Peninsula and the Chukchi Sea remained ice free and was covered by tundra-steppe during the LGM and that the last grounded ice impacts in different sectors of this region are dating back to MIS 10 6, or potentially MIS 5 within the dating uncertainties (Stauch and Gualtieri, 2008) . Hence, the existing geological evidence indicates that ice sheets covered large parts of western Siberia (Svendsen et al., 2004; Patton et al., 2015; Ehlers et al., 2018) and the East Siberian continental shelf (Niessen et al., 2013; Jakobsson et al., 2014 Jakobsson et al., , 2016 prior to the last glacial period but it remains unclear how often northeastern Siberia experienced large-scale glaciations during the different glacial periods of the Quaternary. Nonetheless, it appears that this far northern region was covered by ice during some glacial periods, while it 15 remained ice free during others.
A number of studies have simulated the East Siberian LGM climate and ice sheet growth (e.g. Krinner et al., 2006; Charbit et al., 2007; Ganopolski et al., 2010; Abe-Ouchi et al., 2013; Beghin et al., 2014; Peltier et al., 2015; Liakka et al., 2016) .
They show widely different results, from ice-free conditions to the buildup of a large ice sheet covering most of Siberia, and therefore the correspondence with proxy-based reconstructions ranges from good to very poor.
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Over the years, a number of possible mechanisms have been suggested to explain the lack of an ice sheet covering eastern Siberia during the LGM, and perhaps therewith also explain the divergent results of coupled climate-ice-sheet simulations for this region during the LGM. The most widely discussed mechanisms involve changes in atmospheric dust load, orographic precipitation effects and/or changes in atmospheric circulation driven by the buildup of the North American and/or Eurasian ice sheets.
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During glacial times, the atmospheric dust load and dust deposition was likely substantially larger, particularly at the southern margins of the Northern Hemisphere ice sheets and over Siberia (Harrison et al., 2001; Lambert et al., 2015; Mahowald et al., 2006) . Modelling studies have shown that the buildup of ice over Siberia can be strongly impacted by the effect of dust on the surface albedo, through which an increase of dust deposition on the snow cover leads to a lowering of the snow albedo that in turn leads to higher melt rates (Krinner et al., 2006; Willeit and Ganopolski, 2018) .
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Continental ice sheets have a strong impact on the climate. It was already recognized by Sanberg and Oerlemans (1983) that under the influence of a preferred wind direction, an ice sheet can create a distinct asymmetry with high precipitation rates at the windward side and low precipitation rates on the leeward-side. This precipitation shadow effect has also been proposed as an explanation for a westward migration of the Eurasian ice sheets during the last glacial period (Liakka et al., 2016, and references therein) . Through the precipitation shadow effect, the buildup of the Eurasian Ice Sheet would lead to dry conditions 35 in Siberia and potentially prevent the buildup of an ice sheet in the area.
Another way how ice sheets can impact the climate is through their steering effect on the large-scale atmospheric circulation. Broccoli and Manabe (1987) showed that the buildup of the North American ice sheets leads to substantial changes in the midtropospheric flow, including a split of the jet-stream around the northern and southern edges of the ice sheet and a resulting increase of summer temperatures over Alaska. Similar impacts of glacial ice sheets on large-scale atmospheric circulation 5 were found in a number of other modelling studies (e.g. Cook and Held, 1988; Roe and Lindzen, 2001; Justino et al., 2006; Abe-Ouchi et al., 2007; Langen and Vinther, 2009; Liakka and Nilsson, 2010; Ullman et al., 2014; Liakka et al., 2016) .
Generally these studies indicate a warming over Alaska as a result of the growth of the North American ice sheets, but it differs from one study to the next how far westward this warming extends into Siberia. Warming in Alaska and Siberia is linked to increased poleward heat transport induced by changes in the atmospheric stationary waves and to local feedbacks involving the 10 surface albedo and atmospheric water vapor content (Liakka and Lofverstrom, 2018 ). An independent compilation of LGM temperature reconstructions based on various land proxy data provides support to these inferences showing that LGM summer temperatures in Northern Siberia were overall not very different from the relatively mild present-day temperatures in the region (Meyer et al., 2017) .
The lack of Siberian ice coverage during the LGM has often been attributed to the increased atmospheric dust load and/or a 15 precipitation shadow effect of the Eurasian Ice Sheet to the west. However, based on these mechanisms alone one cannot readily explain the absence of a Siberian ice sheet in some glacial periods, but its presence in others, or reconstructions of Siberian
LGM summer temperatures close to present-day values (Meyer et al., 2017) , suggesting that these processes are likely only part of the story. Existing and new coupled climate model results can shed light on these intriguing geological observations.
Here we show that the inter-model spread of simulated LGM summer temperatures is exceptionally large in Siberia compared 20 to any other region, suggesting a high susceptibility of Siberian summer temperatures to minor changes in boundary conditions or model formulation, and discuss potential underlying mechanisms and causes. We will argue that this high susceptibility of Siberian summer temperatures to boundary conditions (hypersensitivity) is a major factor for the absence or presence of ice sheets in different Quaternary glacials.
Methodology
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In this study we combine LGM simulations from the second and third phases of the Paleoclimate Modelling Intercomparison Project (PMIP2 and PMIP3) with LGM sensitivity experiments using the Community Earth System Model (CESM).
PMIP experiments
We use 17 LGM coupled climate model simulations from PMIP2 and PMIP3/CMIP5 (Table 1; Braconnot et al., 2007; Harrison et al., 2015) and their corresponding pre-industrial (PI) control simulations as a reference.
LGM boundary conditions follow the 30 PMIP2 and PMIP3 protocols and include reduced greenhouse-gas concentrations, changed astronomical parameters, prescribed continental ice sheets and a lower global sea level. Nearly half (7/17) of these simulations include dynamic vegetation while the remainder uses prescribed PI vegetation (Table 1) LGM we removed the global mean before calculating the anomalies. 
CESM experiments
To study the simulated LGM temperatures in the Siberian region in more detail, we analyzed a number of sensitivity experiments performed with the state-of-the-science coupled climate model CESM (version 1.2; Hurrell et al., 2013) For the CESM LGM simulations we followed the most recent PMIP protocol (PMIP4; Kageyama et al., 2017) (Di Nezio et al., 2018) . In this study we used as default the GLAC-1D LGM ice sheet reconstruction (Tarasov et al., 2012; Briggs et al., 2014) . Note that the PMIP4 CH 4 concentration of 375 ppb is slightly higher than the one used here.
The land model CLM4.0 includes the possibility to use a representation of the carbon-nitrogen cycle and to calculate per plantfunctional-type the resulting changes in leaf area index, stem area index and vegetation heights (Lawrence et al., 2011) . These changes in the biophysical properties of the vegetation cover impact, for instance, evapotranspiration and surface albedo. Note 20 that the spatial distribution of plant-functional-types is prescribed in CLM4.0, which is why the model is sometimes described as a semi-dynamic vegetation model. Nonetheless, in the remainder of this manuscript we will refer to simulations that include carbon-nitrogen dynamics as 'interactive vegetation'. To study the interdependency of interactive vegetation and atmospheric model physics we performed a total of four experiments with either CAM4 or CAM5 and including or excluding interactive vegetation. The simulations testing the impact of interactive vegetation are referred to as the "Interactive vegetation" ensemble 25 (Table 2) .
We used two different versions of the atmosphere model, CAM4 and CAM5, to investigate the importance of the atmospheric model physics. CAM5 differs from its predecessor because it simulates indirect aerosol radiative effects by including full aerosol-cloud interactions. Furthermore, it includes improved schemes for moist turbulence, shallow convection and cloud micro-and macro-physics. Finally, while CAM4's grid has 26 vertical levels, in CAM5 four levels were added near the sur- (Table 2) .
In a third ensemble of sensitivity experiments we altered the imposed LGM ice sheet boundary conditions. Within the framework of PMIP4 two LGM ice sheet reconstructions are suggested as boundary conditions for the LGM experiments (Kageyama et al., 2017) , namely GLAC-1D (Tarasov et al., 2012; Briggs et al., 2014) and ICE-6G (Peltier et al., 2015) . When comparing these two ice sheet reconstructions we find substantial differences, especially an overall increase of the height of the North American ice sheets in ICE-6G compared to GLAC-1D and a lowering of the Eurasian ice sheet ( Figure 5A ; both differences are on the order of 10% of the total ice sheet height). To investigate the impact of these two different ice sheet reconstructions on simulated Siberian LGM temperatures, we performed an additional experiment that is identical to the LGM_CAM5_noVeg 5 experiment except that it includes ICE-6G ice sheets (referred to as LGM_CAM5_noVeg_ice6g). The simulations testing the impact of different prescribed continental ice sheets are referred to as the "Continental ice sheets" ensemble ( Table 2 ).
All LGM experiments performed with CESM start from a previous LGM simulation and are run for at least 200 years to obtain a new surface climate equilibrium. Climatologies are calculated based on the last 30 years of the simulations. For the sensitivity experiments studying interactive vegetation and the impact of atmospheric model physics, we also performed corresponding 10 PI simulations (Table 2) to enable a proper analysis of the impacts. Our five CESM LGM experiments are jointly referred to as the CESM LGM ensemble.
Throughout this manuscript we focus on summer (June-July-August; JJA) near-surface air temperatures (referred to simply as 'temperatures' in the remainder of this manuscript) as these determine if perennial snow and thus eventually ice caps develop or not. Moreover, when calculating LGM anomalies, we refer to the difference between an LGM simulation and the corre-15 sponding PMIP or CESM PI experiment (Table 2) . It is in turn differences between these CESM LGM anomalies that we use to highlight mechanisms behind the susceptibility of Siberian summer temperatures (Section 3.2).
Results
Siberian LGM temperatures in PMIP2 and PMIP3 ensemble
The combined PMIP2 and PMIP3 LGM experiments reveal the particularity of LGM JJA temperatures in Siberia. Of all conti-20 nental areas that were not covered by large ice sheets, Siberia shows the largest inter-model spread (standard deviation; Figure   1B ). This large spread in simulated temperatures in the Siberian region is also found in other seasons (not shown). Another striking feature of the Siberian region is that it is one of the few regions where the PMIP multi-model mean temperature anomaly is close to, or even above zero in some areas (Krinner et al., 2006) , indicating that LGM summers were as warm as at present ( Figure 1A ). Taken together, PMIP simulations show LGM JJA temperatures in Siberia ranging from warmer to sub-25 stantially colder than at present. If we define a target region for Siberia based on the area where the PMIP multi-model spread is larger than 7
• C (green contour in Figure 1B ; referred to as "Siberian target region" in the remainder of the manuscript), we see that JJA temperature anomalies of the individual models range between -12
• C and +12
• C (Figure 2 ).
Disentangling the causes of the particularity of the Siberian LGM summer temperatures based on PMIP results isn't straightforward because of multiple possible underlying causes; nonetheless, some aspects can be identified. Whereas the simulated 30 temperature changes are quite different among PMIP models, a robust decrease in precipitation on the order of 20-30% is simulated ( Figure 1C and 1D) . As a consequence, the (Pearson) correlation between temperature change and precipitation change is insignificant at the 0.05 significance level (R=0.36; Figure 2A ; note that throughout the manuscript, correlation refers to inter-model correlation). A significant correlation is found between temperature and snow cover, with higher temperatures corresponding to a lower snow cover (R=-0.60; p<0.05; Figure 2E ). There are similarities between the spatial patterns of the PMIP multi-model spread in temperature anomalies and cloud cover anomalies ( Figure 1B and 1F) , however, within the Siberian target region local JJA temperature anomalies and cloud cover anomalies are not correlated at the 0.05 significance level (R=-0.45; Figure 2B ), arguing against a leading role of local cloud dynamics to explain the large intermodel spread in Figure 1G ). Moreover, a strong correlation is found in the PMIP LGM simulations between JJA temperature and sea-level pressure anomalies over the Siberian target region (R=-0.72; p<0.05; Figure   2C ): a higher sea-level pressure anomaly corresponds to more negative temperature anomalies. Concurrently, higher sea-level pressure anomalies correspond to more positive cloud cover anomalies (R=0.50; p<0.05; Figure 2D ). This finding seems at 10 odds with the results of Liakka et al. (2016) who associate higher pressure with lower cloud cover that in turn leads to an increase in JJA temperatures. This suggests that a mechanism different from the one described by Liakka et al. (2016) operates for the majority of PMIP LGM results. The strong negative correlation between JJA temperature and sea-level pressure anomalies suggests that the sea-level pressure changes could be a consequence of local temperature changes, rather than a local forcing. Indeed, another reason for the negative correlation could be a remote forcing through anomalous heat advection into coinciding with the defined Siberian target region, was already discussed above. However, the significant negative correlation in the second region further to the southwest suggests that the magnitude of the deepening of the low-pressure cell over central Asia (White, 1981) LGM ice sheet. Moreover, only a small subset of climate variables is available for a sufficiently large number of the PMIP models to allow for an in-depth analysis. In the following we will therefore investigate a CESM-based ensemble of LGM simulations that has specifically chosen differences between the individual sensitivity experiments and has all climate variables available. 
Siberian LGM temperatures in CESM ensemble
We construct three ensembles of LGM sensitivity experiments performed with the CESM climate model in order to investigate in more detail the impact of changes in boundary conditions (continental ice sheets), model formulations (atmospheric model physics) and including different components of the climate system (interactive vegetation; Table 2 ).
Despite the fact that our CESM LGM ensemble is smaller than the PMIP ensemble (n=5 instead of n=17) and that it wasn't designed to mimic the PMIP ensemble, we find that the spread in the CESM LGM temperature anomalies is surprisingly 15 similar to the PMIP multi-model spread, both in terms of spatial distribution as well as magnitude ( Figure 4B ). This gives us confidence that investigating the causes of the sensitivity of northeastern Siberian temperatures in the CESM ensemble can provide insights into the PMIP inter-model differences.
First we analyze the "Continental ice sheets" ensemble, consisting of two experiments that only differ in the imposed ice sheet boundary conditions, namely LGM experiments forced by the GLAC-1D (LGM_CAM5_noVeg) or ICE-6G (LGM_CAM5_noVeg_ice6g)
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ice-sheet reconstructions ( Table 2 ). The LGM simulation using GLAC-1D ice sheets is substantially warmer in northeastern Siberia compared to the simulation using ICE-6G (up to 10 Figure 5A ). This can only be caused by changes in large-scale atmospheric circulation since the simulations are identical apart from the ice sheets over North America and Eurasia. In line with the PMIP simulations, we find that higher JJA temperatures in the Siberian target region (~3
• C) correspond to a decrease of local sea-level pressure (~2 hPa; Figure A1 ). If we look at changes in the departures from the zonal mean geopotential height 25 at 500hPa (Figure 5 ), depicting the large-scale Northern Hemisphere stationary wave pattern, we see an increase in geopotential height over Beringia and a decrease over a large area to the west of northeastern Siberia. This results in anomalous 500hPa
southerly winds into the area and a corresponding anomalous northward heat transport almost all the way from 30
• N to the north pole ( Figure 5C ). We thus find in CESM a high sensitivity of Siberian JJA temperatures with respect to relatively minor changes in the continental ice sheets which in turn induce changes in the stationary wave pattern and anomalous northward 30 heat transport. The similarity of the associated temperature ( Figure 5A ) and sea-level pressure anomaly patterns ( Figure A1) with the PMIP-based LGM temperature response suggests that this mechanism could clearly explain part of the spread in PMIP simulations.
Another ensemble of CESM LGM simulations, the "Atmospheric model physics" ensemble, is comprised of simulations in which different versions of the atmospheric model were used (CAM4 or CAM5; Table 2 ). Between the LGM_CAM4_noVeg and LGM_CAM5_noVeg simulations we find changes in large-scale atmospheric circulation, stationary waves and northward heat transport into Siberia ( Figure 6 ) that are very similar to the ones in response to different ice sheets as described above for the "Continental ice sheets" ensemble. However, the resulting surface temperature changes in Siberia are more complex than for the experiments described previously. There is warming in some parts of the region, but substantial parts also show a cool-5 ing ( Figure 6A ). This highlights the complexity of comparing simulations with different atmospheric model versions that not only differ in their response of the large-scale atmospheric circulation to LGM boundary conditions, but also exhibit different local feedbacks with changes in cloud cover, humidity and pressure that are directly influenced by, for instance, differences in cloud parameterizations and radiative properties of the atmosphere. An important element in the high-latitude climate system is the vegetation-climate feedback. In the PMIP ensemble, 7 out of 10 17 models include the vegetation-climate feedback (Table 1) . However, a systematic difference in simulated JJA LGM temperature anomalies for the Siberian region could not be found when comparing models with vegetation feedback with those that did not include this additional feedback. This doesn't come as a surprise if one considers the relatively small sample size with respect to all the inter-model differences that impact the simulated LGM JJA temperatures. We performed LGM simulations with CESM including and excluding interactive vegetation (the "Interactive vegetation" ensemble; Table 2 ) to investigate its 15 importance for Siberian temperatures. We find that the vegetation-climate feedback leads to a large LGM JJA cooling over Siberia, which is even more pronounced when using the CAM5 atmospheric model ( Figure 7B ) instead of CAM4 ( Figure   7A ). If vegetation is allowed to respond to the changing climate through carbon-nitrogen dynamics, the tree and shrub limits shift south by several degrees of latitude ( Figure 8A and 8C). In CESM, the presence of vegetation, its height as well as its density have a large impact on the surface albedo through the vegetation-albedo feedback: vegetation that is higher than the Looking at all the experiments in the "Interactive vegetation" ensemble (Table 2) , using different atmospheric model physics (CAM4 versus CAM5; Figure 6 ) and with or without interactive vegetation (Figure 7) , we find that the strong cooling in Siberia 5 in the simulation that combines both the different atmospheric model physics and interactive vegetation (LGM_CAM5_Veg; Figure 7B ), is not readily explained as a linear combination of the two individual effects. This shows again the complexity of the response to a combination of factors, in this case changes in large-scale atmospheric circulation, local atmospheric processes and local land-surface processes. It is to be expected that the response of individual PMIP simulations is similarly complex. LGM experiments, as well as from three ensembles of CESM sensitivity experiments. The spread in Siberian JJA LGM temperature anomalies in the CESM ensemble is~20
• C, which is comparable to the inter-model spread of~24
• C found in the 15 PMIP simulations. The main cause appears to be that relatively small changes in the continental ice sheets or model physics can lead to large changes in meridional atmospheric heat transport related to changes in large-scale atmospheric stationary wave patterns, in line with Ullman et al. (2014) and Liakka and Lofverstrom (2018) . Local snow-albedo and vegetation-climate feedbacks strongly amplify the initiated Siberian JJA temperature change.
In the examined LGM simulations Siberia receives less precipitation, however, we don't find indications that the buildup of a Siberian ice sheet was hampered by the absence of precipitation. On the contrary, we find that local precipitation and JJA temperature changes are not significantly correlated, while cooler summers are strongly correlated to a higher snow cover, suggesting that a cold climate would be associated with a perennial snow cover. We also do not find support for the notion 5 that changes in large-scale atmospheric stationary wave patterns drive Siberian JJA temperatures directly through local cloud changes.
Although situated at high northern latitudes, geological evidence suggests that Siberia was covered by continental ice sheets during some glacial periods, but remained largely ice free during, for instance, the LGM. Increased atmospheric dust deposition mechanisms cannot readily explain the absence of a Siberian ice sheet in some glacial periods, but its presence in others, nor explain reconstructions of Siberian LGM summer temperatures close to present-day values (Meyer et al., 2017) . This is suggesting that these processes are likely only part of the story, and here we argue for the importance of changes in meridional atmospheric heat transport and the exact configuration of northern hemisphere continental ice sheets. The combination of these factors, accompanied by local feedbacks can lead to strongly divergent summer temperatures in the region, which during some 15 glacial periods could be sufficiently low to allow for the buildup of an ice sheet, while during other glacials, above-freezing summer temperatures will prevent a multi-year snow-pack, and hence an ice sheet, from forming. Abe-Ouchi, A., Saito, F., Kawamura, K., Raymo, M. E., Okuno, J., Takahashi, K., and Blatter, H.: Insolation-driven 100,000-year glacial cycles and hysteresis of ice-sheet volume, Nature, 500, [190] [191] [192] [193] https 
